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NEW & NOTEWORTHY

The transcription factor (TF) HNF4␣ is known to be expressed in stomach, but its function was unknown. We show here that inducing deletion of HNF4␣ caused increased proliferation and collapse of chief cell endoplasmic reticulum (ER) and secretory architecture. We show HNF4␣ binds and upregulates the known ER-regulating TF XBP1. As we have previously shown XBP1 governs expression of the TF MIST1, we now show chief cell maturation depends on a HNF4␣¡XBP1¡MIST1 transcriptional sequence.
WHILE GASTRIC CANCER is the third leading cause of cancer mortality worldwide (15) , the events that drive the progression from a healthy gastric epithelium to precancerous metaplasia, and finally to the development of adenocarcinoma, are not well understood. To understand the progression to disease, we must understand the molecular pathways that govern the normal differentiation of cell lineages. Physiologically, it is known that the mammalian gastric epithelium is an organized network of cells which function to secrete mucus, acid, and digestive enzymes into the gastric lumen. These cells are located in repeating glandular invaginations called gastric units. Based on anatomy and cell function, each unit can be divided into four distinct sections: the pit zone opens into the gastric lumen and contains mucus-secreting pit (also known as foveolar) cells; the isthmus region, deeper to the pit, houses stem cells and early progenitors; deeper still, the neck zone contains both acidsecreting parietal cells (PCs) and mucus-secreting neck cells; and the base zone contains mostly digestive-enzyme secreting zymogenic cells (ZCs) (Fig. 1A) . The differentiation of each lineage has been characterized by detailed morphological studies and analysis of gene expression patterns, which are conserved in each gastric unit (27) (28) (29) (30) (31) .
The gastric unit is a particularly well-suited system to study transcriptional regulators of cell differentiation and morphology, because development of each cell type is tightly controlled along a well-defined, spatiotemporal gradient and because renewal and differentiation occur throughout life. Although our knowledge of molecular pathways regulating this differentiation overall is scant, we do know some details of maturation in the ZC lineage. Mature ZCs arise from a mucusrich precursor in the neck of the unit (30, 37, 46) . As ZCs differentiate from their progenitor neck cells and migrate toward the base, abundance of the precursor (so-called "unspliced" form) of the mRNA for the transcription factor XBP1 increases (23) . Increased XBP1 protein subsequently 1) establishes an elaborate rER network in ZCs to supply secretory cargo via protein synthesis and 2) directly transcriptionally activates the bHLH transcription factor MIST1 (BHLHA15), which establishes the apical secretory apparatus in the ZC (6, 23, 46) .
The nuclear hormone receptor, hepatocyte nuclear factor 4␣ (HNF4␣), is a key developmental regulator of differentiation in multiple endodermally derived organs. Loss of Hnf4␣ results in embryonic lethality in mouse models, as it is required for proper gastrulation (10) . Tissue-specific knockouts of the Hnf4␣ gene have established its importance in the development and maintenance of secretory lineages in multiple tissues. HNF4␣ is required for both the development of the intestine (4, 16) and maintenance of its secretory cell-homeostasis, architecture, and function (8) . Interestingly, human patients with inflammatory bowel (Crohn's) disease have low levels of HNF4␣ expression, and loss of HNF4␣ has been used to model colitis in mice (2, 11) . Similarly, tissue-specific knockouts have shown that HNF4␣ is a crucial component in the initial embryonic development and maintenance of the adult liver (5, 21, 45) . In the adult pancreatic beta-cells, HNF4␣ is required for proper secretion of insulin in response to glucose (19, 40) . The fundamental role of HNF4␣ in these tissues and human disease has led to studies defining its structure (9), preferred binding sequences and partners (14, 39) , expression variants (13) , and its regulatory interplay with other related transcription factors (44) , Despite the high level of Hnf4␣ expression in the gastric epithelium (12, 33, 49) and its pivotal role in the maintenance of closely related secretory tissue, e.g., the intestine and pancreas (12) , the function of HNF4␣ has never been explored in the stomach. Here we show that HNF4␣ is required for normal differentiation in the gastric epithelium. HNF4␣ functions in part by inducing and maintaining Xbp1 expression (and, in turn, MIST1) expression in ZCs.
METHODS
Cell lines and transient transfection. AGS cells (from ATCC,
Manassas, VA) were grown in RPMI 1640 supplemented with 10% fetal bovine serum, 0.9% glutamine, 0.4% HEPES, 1% Na pyruvate, 2.5% glucose, and 100 ng/ml each of penicillin and streptomycin. For overexpression of myc-tagged HNF4␣2 or HNF4␣8, coding regions (plasmids obtained from Addgene, human constructs IDs 31100 and 31094) were subcloned into a pcDNA3.1 expression vector, and 5 g of each plasmid or the pmaxGFP(lonza) control plasmid was transiently transfected using TransIT-2020 (Mirus, Madison, WI) according to the manufacturer's protocol.
Western blot. Cells for Western blot analysis were lysed in RIPA buffer. Proteins were quantified by DC protein assay (Bio-Rad) and then separated on NuPAGE Bis-Tris gels (Invitrogen), transferred onto Amersham Hybond ECL nitrocellulose (GE Healthcare) membranes, and detected by Immobilon chemiluminescence (Millipore). Primary antibodies used were rabbit anti-spliced-XBP1 (BioLegend), mouse anti-c-myc (Dshb), goat anti-HNF4␣ specific to P1 ␣1-␣3 isoforms (Novus biological), and rabbit anti-␣-and ␤-tubulin (Cell Signaling). Secondary antibodies were horseradish peroxidase-conjugated donkey anti-rabbit, anti-goat, and anti-mouse Ig (Santa Cruz Biotechnology). Quantifications of immunoblots were performed by scanning 16-bit images into ImageJ. Band intensities for XBP1 and ␣/␤ tubulin were selected and calculated by using the "Gels: Plot lanes" measurement tool. Standardized values were calculated determining the ratio of XBP1 signal to ␣/␤ tubulin signal.
RNA isolation and quantitative RT-PCR. RNA was isolated using RNeasy (Qiagen) per the manufacturer's protocol. RNA was treated with DNase I (Invitrogen) and then reverse-transcribed using the SuperScript III (Invitrogen) standard protocol (most cDNA syntheses started with 1 g of total RNA). Quantification of cDNA was performed by qRT-PCR using a Stratagene (La Jolla, CA) MX3000P detection system. Absolute QPCR SYBR green mix (Thermo Scientific) fluorescence was used to quantify relative amplicon amounts of Hnf4a, Xbp1, Mist1, and the normalizer, 18s.
Chromatin immunoprecipitation. Chromatin immunoprecipitation (ChIP) was performed as described previously (26) . Briefly 25 mg of stomach was fixed in 1.5% formalin in PBS at room temperature for 15 min before the cross-linking reaction was stopped with 0.125 M glycine. Tissue was disaggregated using a MediMachine (Becton Dickinson). Ten microliters of anti-HNF4␣ (rabbit, Cell Signaling) or whole rabbit serum (preimmune control) together with protein A/G plus agarose (Simple Chip Kit, Cell Signaling) were added to the homogenized tissue for immunoprecipitation. Quantitative real-time PCR (qRT-PCR) was performed to assess the quantity of genomic sequences immunoprecipitated by either preimmune control or HNF4␣ antiserum, as well as a 1:10 dilution of the cell extract prior to immunoprecipitation (input). Two predicted HNF4␣ binding sites (41) were probed in addition to an intronic control region with no predicted HNF4␣ binding sites nearby.
Mouse studies. (24) . Mice were euthanized 4 wk after first tamoxifen injection. Mice are routinely monitored for toxicity due to tamoxifen, and none was noted at this relatively low dose (23) (24) (25) .
Immunohistology and quantification. Stomachs were prepared and stained as described previously (46 For morphological analysis, stomach rings cut into paraffin sections were hematoxylin and eosin (H&E) stained and were analyzed from lesser to greater curvature and from proximal to distal. Whole slides were scanned with the Nanozoom microscope, and every fifth unit was measured across each slide using Nanozoom Digital Pathology software (Hamamatsu). Area of ZCs with both apical and basal contacts was measured from random units chosen throughout the corpus of the stomach using ImageJ to determine area. Aberrant localization/migration of mucous neck cells into the base of units was confirmed by GS-II/GIF immunofluorescent labeling (mucous neck cells are GS-IIϩ/GIFϪ). Scoring of mucous neck cell localization was then performed using PAS-stained sections. Samples were randomized, and the scorer was blinded to ensure unbiased quantification.
Graphing and statistics. Experiments were performed with at least three biological replicates independently. Values represent means Ϯ SD as indicated. All statistics and graphs were determined using GraphPad Prism and depicted in final graphical form in Adobe Illustrator. Statistical analysis was by one-or two-tailed Student's t-test, depending on the hypothesis prior to commencing the experiment, or by ANOVA with Dunnet's comparison where indicated.
RESULTS
HNF4␣ is expressed in the isthmus, pit, neck, and zymogenic cells in the gastric corpus. Like most endodermally derived tissues, the stomach also expresses HNF4␣ (12) . However, its specific cellular localization in mouse stomach has not been shown. We found that HNF4␣ was expressed at high levels in pit cells and progenitor cells in the isthmus. Mucous neck cells also express HNF4␣ as do the cells that derive from them, ZCs (Figs. 1A and 2A) . HNF4␣ was not detected in parietal cells, which are cells that pump hydrogen ions into the gastric lumen via plasma membrane transporters (Fig. 2B) . Thus the cells and their progenitors that actively secrete abundant cargo from cytoplasmic vesicles (mucus, digestive enzymes) express HNF4␣. This pattern of expression is consistent with previous work describing the role of HNF4␣ as both a repressor of progenitor proliferation and a promoter of differentiation of cell architecture (8, 21) .
Loss of HNF4␣ in the stomach causes increased epithelial cell proliferation in the isthmus of the gastric unit. We sought to determine the function of HNF4␣ in the gastric epithelium by deleting its expression in adult mice. We generated a mouse model of acute loss of HNF4␣ by crossing the tamoxifen inducible CAGCre ERT mice, previously shown by our group to be an efficient driver of Cre recombinase activity in gastric epithelium (23) , to mice containing a Hnf4␣ flox/flox allele (21). This model allowed us to induce loss of HNF4␣ via injection of doses of tamoxifen (1 mg/20 g mouse) that are well under the gastric toxicity level (Fig. 1, B and C) (23) (24) (25) . This approach, generating mice we will refer to hereafter as Hnf4␣ ⌬/⌬ , reduced HNF4␣ expression in the stomach by ϳ70% and caused loss of immunohistochemical staining for HNF4␣ in most gastric units (Fig. 1, B and C) , although all mice retained some regions that preserved HNF4␣ as well (not shown). The CAG promoter is the most efficient of the global, inducible Cre recombinase pedigrees we have examined in the lab, and higher doses of tamoxifen cause gastric toxicity (23) (24) (25) . Hence, we performed the remaining experiments on Hnf4␣ ⌬/⌬ mice generated using this protocol. We note that the quantification of histological changes (described below) induced by loss of HNF4␣ are likely underestimates of the actual effects because we included in these analyses all regions of the stomach, some of which may have not had HNF4␣ deleted due to mosaicism of gene deletion.
Loss of HNF4␣ led to a ϳ4-fold increase in proliferation compared with CAGCre ERT ;Hnf4␣ floxed/ϩ mice treated with equivalent Tamoxifen (hereafter referred to as "control"), measured by Ki-67 expression and BrdU staining (Fig. 3, A-C) . This increased proliferation correlated with increased gastric unit length (Fig. 3D) . The increased proliferation was confined to the isthmal region of the unit where proliferation from the stem cell and progenitor cells normally takes place, and did not occur in the base of the unit where proliferation is often observed in response to stress or damage (24, 32, 36, 43) .
HNF4␣ is required for normal ZC development. The other striking phenotype of loss of HNF4␣ was a dramatic change in ZC morphology. The base/ZC region was markedly narrowed in the Hnf4␣ ⌬/⌬ mouse gastric corpus (Fig. 4, A and C) . Not only were the ZCs in ⌬HNF4␣ mouse stomachs half the size of control ZCs on average (Fig. 5A) , but the overall number of ZCs was ϳ25% lower in the Hnf4␣ ⌬/⌬ mice (Fig. 5B) . Previous work by our lab and others has defined HNF4␣ as a crucial regulator of multiple factors required for the development and maintenance of vast ER networks that secretory cells require to synthesize and secrete large biosynthetic loads (41, 47) . To determine if HNF4␣ is required to maintain the ER in the gastric epithelium, we examined the effect of loss of HNF4␣ by immunofluorescent staining for the ER-localized protein, Calregulin. We found the ER volume was substantially reduced in size upon loss of HNF4␣ (Fig. 4B and Fig. 6, A and  B) . Some basal epithelial cells were so reduced in ER content that they were nearly not recognizable as ZCs (Fig. 6C, inset) .
Loss of HNF4␣ disrupts mucous neck¡zymogenic cell differentiation. To become a functioning digestive-enzymesecreting cell, the ZC differentiates and migrates first from a proliferative progenitor cell in the isthmus, then into a mucous neck cell before finally reaching the base of the unit and assuming its mature phenotype. Because of the role of HNF4␣ in other tissues as a repressor of both proliferation and a regulator of cell architecture, we further examined the phenotype of ZC differentiation. We observed cells expressing precursor neck cell markers ectopically in the bases of the gastric unit in ⌬HNF4␣ mice (Fig. 4, B and C) . Mucous neck cells are almost never observed in the base of control gastric units (30) . Both the average distance of neck cells from the basement membrane overlying the muscularis mucosa deep to the bottom of the unit (Fig. 5C) contained a neck cell (Fig. 5D) were significantly different upon loss of HNF4␣, with over one-third of ⌬HNF4␣ ZC regions exhibiting neck cell intrusion. Note that these cells expressed only mucous neck cell markers and not ZC markers; thus they were not the metaplastic cells that arise during certain types of damage to the gastric unit (6, 17, 18, 32, 34, 42) . Taken together, the data indicate that HNF4␣ is required for the orderly progression of mucous neck cells into ZCs, although whether differentiation of neck cells to ZCs is impaired or whether mucous neck cells simply migrate too far basally without differentiating is not clear. HNF4␣ is required to maintain Xbp1 expression in the mouse stomach. Our lab has previously shown that one of the most important transcriptional regulators of the development and maintenance of the ER, XBP1, is required for normal ZC ultrastructural maturation (23) . Interestingly, mouse gastric epithelium lacking HNF4␣ strongly resembles that of epithelium lacking XBP1 in both overall ZC morphology, i.e., reduced ZC size (Fig. 4A) , and with loss of ER in ZCs, as assessed by staining with Calregulin ( Fig. 4B and Fig. 6, A-C) . Figure 7A demonstrates a side-by-side comparison of ⌬HNF4␣ with ⌬XBP1 ZCs. Because of these results, and recent work showing HNF4␣ is important for expression of XBP1 in pancreatic beta-cells (41), we sought to determine whether HNF4␣ drives expression of XBP1 to maintain ZC differentiation. We isolated RNA from the gastric corpus of Hnf4␣ ⌬/⌬ mice and found that loss of HNF4␣ significantly decreased both the abundance of Xbp1 and the abundance of a downstream target of XBP1, Mist1, by ϳ50% (Fig. 7B) (1, 23) .
In human stomach, it has been reported that splice variants of Hnf4␣ using the so-called P2 promoter predominate over the P1 promoter (49) , although the P1 promoter is expressed more prominently in intestinal metaplasia and gastric cancer (33) . A similar predominance of P1 in adult rat stomach has been reported (12); however, we used isoform-specific primers and were able to amplify both isoforms in adult mouse stomach, although the P1 promoter transcript did amplify at an earlier cycle suggesting it was more abundant (not shown). We detect both the protein translated from the P2 promoter transcript as expected (not shown) as well as, unexpectedly, a strong P1 promoter protein band on Western blot (Fig. 7C) . We transiently transfected gastric cancer-derived AGS cells with a plasmid containing either of two common splice variants of Hnf4␣. XBP1 expression, measured by Western blot, increased (Fig. 7D) . Thus HNF4␣ is sufficient to augment XBP1 expression. It is not clear why the two isoforms produce differing responses, although the increased expression of P1 variants in gastric cancer may make the cells more responsive to this variant. To determine if regulation of Xbp1 by HNF4␣ was a direct effect or a downstream effect, we performed chromatin immunoprecipitation of the Xbp1 promoter. We previously had searched the Xbp1 locus for HNF4␣ binding sites and found two putative sites in the XBP1 promoter region, 2.8 and 1.3 kb upstream of the mouse Xbp1 promoter (41). We measured HNF4␣ occupancy at each of these sites in mouse stomach, and at a downstream internal control site, and found significant occupancy of only the two promoter sites compared with a normal serum control in mouse stomach tissue (Fig. 7E) . In sum, the data show that HNF4␣ is a direct transcriptional enhancer of XBP1 in the mouse gastric epithelium and may thus explain why ZC ER and size is reduced and suggesting that the clusters of markedly small cells in the base are ZCs that have lost most of their cell volume, as we previously saw when we deleted XBP1 in ZCs (23) .
DISCUSSION
We show for the first time that HNF4␣ is expressed in the gastric epithelium in mouse pit and isthmal progenitor zones, and in mucous neck and zymogenic cells. It is required for normal differentiation in the gastric unit. We also present data that HNF4␣ is a direct transcriptional regulator of Xbp1 expression in the mouse stomach, suggesting that enhancing/ maintaining transcription of Xbp1 is one of the mechanisms through which HNF4␣ regulates ZC development. To our knowledge, this is the first time the role of HNF4␣ in gastric cellular differentiation has been described.
Loss of HNF4␣ not only disrupts the differentiation of ZCs but also causes increased epithelial cell proliferation. This proliferation is confined to the isthmal region, which houses the normal stem and progenitor cell populations. That isthmusconfined proliferation is in contrast to other models in the stomach in which parietal cells die and ZCs undergo metaplastic changes to reenter the cell cycle (36) . For example, we, and others, have shown that cells in the base of the gastric unit become proliferative in response to agents such as high-dose (5 mg/20 g mouse weight) tamoxifen, DMP-777, or Helicobacter pylori infection (3, 17, 32, 37) .
There are few studies identifying a transcriptional regulator responsible for gastric epithelial development. Our data characterizing the transcriptional enhancement of Xbp1 expression by HNF4␣ 1) further build on the only well-defined signaling cascade that orchestrates the emergence of ZC secretory capacity XBP1¡MIST1 and 2) exemplify the emerging concept that tight regulation of Xbp1 expression is pivotal to its role as Fig. 7 . HNF4␣ is required to maintain Xbp1 expression in the mouse stomach. A: H&E staining of mouse gastric epithelium in control, ⌬HNF4␣ and ⌬XBP1 mice. As in ⌬HNF4␣ stomachs (Fig. 4A) , ZCs are noticeably smaller (brackets outline ZC zone) upon loss of XBP1 (scale bar ϭ 100 m). B: measurement of mRNA with quantitative-RT-PCR in control and ⌬HNF4␣ mouse gastric corpus shows abundance of Xbp1, and its downstream target Mist1, decrease significantly after deletion of Hnf4␣. Means Ϯ SD, n ϭ 3 biological replicates; *P Ͻ 0.05, **P Ͻ 0.01. C: Western blot of protein isolated from normal mouse stomach and probed with an antibody specific to the P1 splice variant of HNF4␣. D: Western blot of AGS gastric cell line transiently transfected with expression plasmids encoding two splice variants of HNF4␣ or a GFP control shows XBP1 expression is enhanced by overexpression of HNF4␣. E: chromatin immunoprecipitation of mouse gastric corpus shows that HNF4␣ occupies two sites in the Xbp1 promoter compared with immunoprecipitation with normal rabbit serum but not an intronic control region (i.e., with no HNF4␣ preferred binding sequences predicted). Bars ϭ means Ϯ SD of n ϭ 3 biological replicates, significance was determined via ANOVA with Dunnet's post hoc comparison; ***P Ͻ 0.001. a developmental coordinator of secretory cell architectural maturation that may be independent of cell fate choice (7, 22, 23, 48, 50) .
We now propose that the full transcription factor sequence dictating ZC differentiation is HNF4␣¡XBP1¡MIST1. Thus HNF4␣ is at the top of the transcription factor hierarchy in stomach (present study) and other endodermally-derived tissues like pancreas and liver (41) . That is consistent with HNF4␣ being a more organ-specific transcription factor, involved in repressing proliferation in adult endodermal organs but also critical for endodermal early development. On the other hand, we and others have shown that the XBP1¡MIST1 sequence also characterizes the maturation of diverse secretory cells in non-endodermally-derived secretory tissues as well, like salivary glands and antibody-secreting plasma cells (1, 7, 22, 35) . We have proposed that XBP1 and MIST1 are transcription factors that function as "scaling factors" to coordinate the expansion of secretory apparatus in cells of diverse organs that do not share a common embryonic germ layer derivation (38, 41, 48) . Loss of either XBP1 or MIST1 in adult cells usually leads only to "downscaling" of the elaborate, mature secretory architecture but not to changes in cell identity or differentiation patterns (7, 22, 23, 48, 50) . Thus, if HNF4␣ is typical of the factors upstream of XBP1 in all tissues (including non-endodermally derived ones), then transcriptional activators of XBP1 in non-endodermal tissues may also be, like HNF4␣, part of the normal embryonic and homeostatic, tissuespecific differentiation pattern in those tissues. In other words, non-endodermally derived cell lineages, such as parotid acinar cells and plasma cells, that depend on the XBP1¡MIST1 sequence likely have some other more tissue-specific transcription factor or factors in the HNF4␣ role (35) . In agreement with HNF4␣'s having a more tissue-specific, cell fate-regulating role (and not a scaling factor role like XBP1 and MIST1) are our findings that its loss causes not just downscaling of secretory apparatus in ZCs but also mis-migration/differentiation of mucous neck cells and increased proliferation of progenitor cells.
Future experiments identifying the transcription factors responsible for the transcriptional upregulation of XBP1 in dedicated secretory cells outside of the endoderm would be in order. We also suggest that identifying such factors may lead to a better understanding of diseases involving aberrant secretory activity (e.g., plasma cell dyscrasias). In the specific case of endodermally derived organs that normally express HNF4␣, we speculate that some diseases in these tissues might be caused or worsened by mutation or deficiency in the HNF4␣¡XBP1 axis, e.g., liver-dyslipidemia in hepatocytes, inflammatory bowel disease caused by aberrant Paneth/goblet cell secretion, and diabetes caused by ␤-cell-secretory dysfunction (21, 41, 45) .
